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SPIN OBSWRVABHS IN NUCLEON-NUCLELIS 5CATTERING

“J. ~. MOSS

Los Alamos National Laboratory

LOS Alamns, New Mexico 875.45

1. INTROD1’CTION

The curse of inelastic nucleon scarpering and charge ex:l,an;,,

has always been the ● normous complexity of che nucleon-nu:lc’:,
(N-N) interaction. This complexity, however, can als,~ bc viewti< a<
the ultimate promise of nucleons ● s probes of nuclear stru::~::.
Given ● n ●dequate theoretical basis, ‘lnelastlc nucleon S:fi:te:”,l..

1s capable of providing information not obtainable kltti cL:IT!’
probe:.

Recently a revolution of ●xperimental cechn~que has ta:.en pla,,

chat makes it desirtble to re-examine the question of whaL p!):;s~~<
is ulcimltely obtainable from inelastic nucleon scatcer~n~. ]L 15

now feasible co perform complete polarizacon transfer (PT) ex;,t)rl-
mentt for inel~stic proton scattering with high efficiency aIII;

●xcellent ●nergy resolution, Programs to measure PT nh~crvai’le’
● re underway ● t several laboratories, ●nd results ● re beginning It’
●ppear. Objectives of this talk are to examine how such exp~ri-
rrencs cre done, ●nd what physics is presently obtained and ma:
ulclmacely be learned from them.

2, PCrLARIHETRY WITH MEDI(JM-ENERGY PROTONS

Availability of medium-~n~rgv proconn is thr crucial factor in
the measurement of PT obscrvab]ea in the (p,p’) r?action, Thr lonr.
rcng? of protons with energies abov~ 100 M-V makes f~asible thr
design of polarimeters with mattering ●fficiencies in th~ ranR~ of

0,12 to 10Z; this is several orders of magnitud? larger thnn is
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possible at low energies. When coupled to high-resolution magnetic

spectrometers these instruments are ideal for PT measurements. The

roost advanced system at present is the focal-pla e polarimeter on

the high-resolutiori spectrometer (HRS) at LAMPF.
f A less ambi-

tious polarimeter is attached to the focal plane of the QDDM

2 The latter system has the advantage of aspectrometer at IllCF.
very high intensity (150 nA) poiarized proton bedm.

The LAMPF-HRS polarimeter (Fig. 1) consists of a pair of planes

of x- and y-sensitive multiwire drife chambers (Ff!Dc) and associ-
ated scintillators, which constitute the ~ormel focal-plane array.

Following this the protons are scattered from 12 cm of carbon, and
detecced by two additional planes of lnrger MWDC’S and scincil la-

tors. Thus for each proton, the initial and final (after scatcerin?
from the carbon block) trajectories are determined. From this

information the chattering an21e in both planes perpendicular to t5c
outgoing momentum may be deduced. The data-acquisition systen

includes a fast micro-processor front end, which rejects Praton=
that do not scatter in the carbon block. A flexible system of
initial polarization orientation in the LA,YFF accelerator al!oks
one to ❑ easure all possible PT ob$ervables (because of spin

precession in the field of the HRS, not all observable can be
measured for all outgoing energies). Those consistent with parity
conservation are DNI{, DLL’ , Ds:I, !) s’, and DSLI; where L, N and 5
are re~pectively in the direction o\ the incident momen:ur,, -t,

normal to the reaction plane (along~ x k’), and normol CO;K, in

the reaction plane (% xl ‘%). Final (primed) subscrip[~ aT.
defined analogously with respect to the final momenLun”,, ‘!’.

One additional observable th~t will prove co be v~r! int~ri~[.:

is the polarization function, F’, or more precisely, P-A, where A 15
the analyzirg powel . Measurement of P i:i accompllsh?d by mra?u~l:l;

I,Qt

Fig. 1. Schematic of the HRS focal-pAane poiarimeter.



the outgoing polarization in a reaction induced by ● n unpolarized

beam,

3. THEORETICALFRMEWORK

Now that one c~n measure these new observable, it is fair to
●mk, “What do they tell us?” We will ●ddress this question from a
simple viewpoint chat displays the physics involved in # fashion

that is much more transparent than orie gets from numerical calcula-
tions with ●ither the distorted-waves impulse ●pproximation (DKIA)
or the Glauber ❑odel.

In the plane-wave impulse ●pproximation (PXIA), the N-nucleus
scattering amplitude is ,+ *

ii”(q) - < u I I’I(q) ;’q”r ,;0>

where H(q) is the N-N scattering amplitude, and ~ is che

projection of the total ●ngular momentum transfer aionz ck~ q
axis. Following Kerman, FlcManus, ●nd Thaler 3(KY~,

H(q) =A+ll U.min- ?~ + C(uln +1 ) + E~ .-
?~ ~q.:q ● F:lF-2r ;4’

3.1 llnnatural Paritv Statrs

First we consider [he excitaclon of unna:~r~l pa:.:: s:~:.. ‘~-
uslng the ●xpression
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one arrives

6’;J6 ,sy~tem~t ‘imple

expressions for the PT observable in the

(% is identical to N)

UoDRfi=l@2+B2-F2) -X:E2

06F=+(C2- B2+F2)-X; E2OD

(3)

od6=#(C2- B2-F2)+X; E2UD

UoU;b = -0 D-. = 2X: Im (BC*)
o Pq

where the differential cross section, go , is given by

,
0 =X; (C” +B2+F2)+X;E2 .

0

The transverse, XT, and longitudinal form factors, XL are
defined bv.

()‘*‘T ~J’ ‘,,-, ‘(-~” ‘jj+l

(m)
XL = -—

(2 J-1) ‘ ‘jj-l ‘&Y’ ‘jj+l (4)

where QjZ is a reduced matrix elemen~ defined in Appendix 111

of KMT. Transformation of Eqs. (3) to the laboratory svstem (N, L,
s, s’, L’) is struighrforward~. Equations (3) may be inverted co
yield

2
‘L

= oo/bE2 (1 - Dnn + Dqq - I)pp)

x; u Oo/LB2(! + D,. -D.- - Dpp)
nn qq

2
‘CJo/~C2(l+D.. +D-, +D..)

‘T nn qq PP

<- 00/4F2 (l-D.-D. +D,. J
nn qq PP

f = uo/21m (Bc*) L),,. .
qP

(5)

Note that with the knowledge of the coefficients of the impulse

●pproximation (1A) interaction, the I’T observable may be used to
directly infer these two fotm factors.5 The transverfie form
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factor is similar to that obtained from electron scattering.

However, XL is not present in (e,e’) and thus represents a new
●spect of nuclear structure obtainable in (p,p’) ●xperiments. Of

course the reparation of nuciear structure and reaction dynamics is
not straightforward in the DWIA. However, the physicn contained in
Eqs. (3) and (5) must still be present.

It often occurs chat 8 given transition is domina:e~ by a

single E value, ●.g., in stretched configurations. Then X =
kXT (apart from constants) and Eqs. (3) for the PT observab ‘s

become independent: of nuclear structure. In such cases the Dij’s

may be used to deduce the components of the ●ffective N-N inter-
action. Evidence is accurnulat;.ng that certain parts of this
interaction may differ considerably from the free N-S

interaction.h

1 cm,
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Fi~, 2. Polarization transfer observable (preliminary ●nalysisl at

‘P
- 500 t4t?v.



By comparing to exact DWIA calculations we have found that the
approximations that yi~ld the simple ●qugtions are reasonably
accurate for q < 1 fm- . Figure 2 shows such a comparison
along with experimental data for the lzc(p,p’) 12C (15.11 MeV,

1+ , T-l) reaction at 500 MeV.’

3.2 NatuIal Parity Transitions

For natural parity transitions we consider only the case where

a ~ingle j transfer is allowed, such as for transitions from a 0+
ground state. Form factors with and without apin transfer are

allowed; Q.u and Q. respectively.
d

Natural parity transitions

are often ominate~ by a collective spin-independent amplitude.
Intuition would aay that in such cases, the effects on the PT
observable from the spin-dependent form factor might be difficult

to measure. Equations derived from (2) are best cast in che fo’rm
of a spin-flip probability (SFP), where Sij = 1/2 (l-Dij).

One finds

s,> = Q;k F2 /27
nn o

s = Q:L (B2 + F2) /2~o
<4

00 m 1/2 Qj~ (C2+ B2+ F2)+ Qj2(.A2 ‘+ C2) .

Clearly the diagonal SFPS are different from zero only to t}l~ Px:cll

that the spin-Lrarsfer form factor, weighted by the splc-:!.~; c:!,:e :“. .

terms of the N-N interactions, competes WILh the corres~~~nflir,~’ s;’lr-

independent factors.

3.3 Polarization and Annlyzin? Power

Evaluation of the pol~rization and analyzing p~h’er in tl]e !’~l~i
yields the result, P - A. AS was shown by Sql’ires many vears
ago, this in a consequence of using a scattering, amPlitudv, wl~lc!

di.pen~s only on q. Spin-orbit distortion effects eliminate t}li:
●quallty in the L)WIA, but in general P and A have similar shaprs

6

unless one is close to a diffra[ tion minimum. A muctl more

interesting difference betwten P tind A arises from the



9 In particular,nonlocal/exchange nature of the N-N interaction.
the ●xchange amplitudes of the tensor interaction yield opposite

~$gns for P and A. In the ●x(’itation of the 15.11-MeV state of
C at 150 Mev, the unnatural parity amplitude 9.sj = 111 is the

source of most of the difference between P and A. This can be seen
in Fig. 3, where PWIA calculations using the code DWBA-7010 are
shown . One aet of curves employs the full Cohen-Kuruthll (CK)
functions; the other uses the CK-wave functions with the Rsj =
111 term removed. All ●xchange terms are present in both
calculations; plane waves were used in order to isolate the P-A
terms from tensor exchange.

4. EXPERIMENTS: PRESENT AND FUTURE
-8

Experiments in which PT observable are measured are relative;”

new and as such few published results exist. We will discuss some
of these experiments, often with preliminary data and

interpretations, and speculate about areas of future interest.

I
1?

C(CI,D’)’2C (I5 llMek, l”,
I

TCI)

oe EL,15C MQ’J PLA’JE RL/E!j J

‘l\ /\/
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Fig. 3 Plane-wave calcula! ns of p and A. CK stands for the

Cohen-Kurath wave l,lnc[ions.
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4.1 Complete Polarization Transfer Experiments

Recentl at LAMPF we have measured the first complete set of PT

~~;ervables3 for the excitation of unnatural parity states in
. At small moment m transfer where the data are most precise,

the two 1+ states of Y2 C are dominated by l.sj = 011
transfer. Thus ●quations (3) can be reduced to

-2
C = 1/4 (1 + D.- + D:,; + D.-)

nn qq
g2

_l/4(i+Dfifi-D.-DGa)
PP

f2
=l/L(l-Dfih+D~.-D.)

p~ 4~
~2

= 1/4 (1 - DA,. - DA, + D.-)
nn p? qq

vhere ~z = B2 / (B2 + C* + E2 + F2) ccc. .

(7)

The magnitude of the cross seccion -is not accounted for by the
PWIA, hence, it is preferable to compare the ●xperimental and

theoretical amplitudes 12 in terms of the normalized (barred)
quantities. This comparison is shown in Figs. 4 and 5; experi-
mental data for the 15.11 FleL’, state are shown in Fig. 2 along with

the DWIA and PWIA curves calculated with the Love-Franey amplitudes.
Data are still preliminary so it is not possible to draw firm

conclusions. However, this is an indication of a possible probler
with chc isoscolar spin-orbit amplitude (Co). Recentiy, ir,depend-

dent evidence 13 for a need to increase the spir,-orbit amplitude

with respect ta the 1A value has been found in an elastic Scatte”inc

experiment at 500 Mel.’.

Clearly, when experiments such as this becone even more refined,

current reaction theories wili be put to severe te’.ts. C,ur
prejudice is that the real future of complete PT experlme-.:s is In

testing models of nuclear structure ac a level not previously
possible.

4.2 Polarization and Analyzing Povel

It is clear from Figs. 6 and 7 that large differences between P

and A have been observed in the ●xcit ation of the 1+ states In

‘2C ●t 150 P!eV.14 At stuttering angles smaller tha.1 20°, P-.4
is dominated by the ●ffects of tensor ●xchange discussed in section

3.3. The solid curve in Fi . 6 io a DWIA calculation using the
I.ove ●ffective interaction !5 and Lhe CK wave functions. The
dashed wave is ● similar calculation with the l.sj =111 term
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Fig. 4 Isovector impulse approximation amplitudes derive~ frc~

polarization transfer data (preliminary analysis) aL 5CI?
PleV. The solid curves ● -s the Love-Franey a~.plitudes.
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Fig. 5 I~osca19r impulse approximation amplitudes derii’e,. fro~

polarization transfer date (preliminary analysis) at 50~
MeV. The solid curves are the Love-Franey amplitud.,s.
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removed. Our preliminary conclusion is that the Rsj = 111 term

in the CK wave functions is required to fit the small angle

points. We consider these points more significant eince the cross
section is large here. Additionally, variations in the magnitude

of P-A ac larger angl~s ● le possible due LO small changes in
opticel potential distortions.

The Esj = 111 term determines the eum of the density matrix

●lemeilts, Pi/2 P3~d + P3/2 Pi/?. As was pointed out by
Dubach ●nd Haxton thie quantity is very poorly determined by
●lectromagnetic and weak interaction data on the 15.11 MeV state
and its ●na!ogues. Thus the (p,p’) reaction is able co make a

unique contribution to the determination of the structure of this
transition.

Figure 7 shows that large values of P-A ● re also seen in the
●xcitation of the 1+, T-() state. The uncertainties in the
knowledge of the interaction in the s=l, T=Ll channel are such tha:

no definitive statement can be made at this time regarding the

:
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Fig. 7 P-A data versus l)WIA calculationfi with tl)r Cohen-Kurath
wave functions.



Iarge discrepancy between calculation ●nd ●xperiment. Further

rtudy of the new polarization observable should eventually lead to
an u: “ ‘rotanding of the failure of the DWIA to reproduce the
angular distribution of this state i~l the energy rmnge of 150 MeV

4.3 Polarization Transfer ●nd Spin Excitation

It ia clear from the discussion in Section 3 that the spin

%
observa},les ~-fi, - , ●nd

3
‘~ ● re different from unity (and

the corresponding Ps are lfferent from zero) only when spin

●XCit8tiOIIS ● re important. Thic rule has had considerable
●xperimental verification bnth ● [ low 17 and intermediate
energies in the case of D;;. Figure 8 shows S;; for several

states in 12c ●xcited by 400-MeV protons, Note that the
collective 3- scate displays a SFP close to zero,

The simple connection between the PT observable and spin
transfer means chat they can be used co search for spin excitat]~n
in unexplored territory. Although 12C from Ex m 8 to 20 ‘e’;

can hardly be considered such a case, Fig. 9 indicates how II
spectrum of apin flip might be used to “amplify” the signal for

FiR. H Spin-flip probabilitir~ for thr~t’ mt’mtrn ill ‘PC ● t

‘r
- 500 Flev.



spin ●xcitations. Such experiments are only beginning, hence, we

will discuss only one result, and indirate some ● reas where PT
obaervablea may ●lucidate new physics.

Figure 10 shows data for ,% and ~fi for the (P,F’)
●xcitation of the continuum in the range 5 < EM c 50 MeV*

The continuum analyzing power ia very close-to t~e vfilues for free
n-p end p-p ecuctering, an indication of the dominance of
single-step quasi-free scattering. The SFPS, hcwever, ● re for

below the N and Z weighted average of the N-N quantities. Because

of the connection between spin flip and spin transfer these data .

imply a dearth of spin-dependent compared to apin-independent

●xcitation in the low-energy contimuum. Identifiable gianL
resonances (CR) contribute no more than 10% of the cross section

and therefore cannot account for the data. It is Gtill unclear
whether the mnamalously low SFps imply apin-independent

collectivity, possibly in the form of unresolved CRS, a more exoti:
●xplanation, ●.g. delta-hole configurations, or some other
mechanism. It ia clear, however, that more experiments of this
type, with statistical precision good ●nough to ●xamine smfiller
intervala of ●xcitation ●nergy, are necessary to provide the answer.

4.4 Spin Observable in the Vicinitv of Spin-Flip.—— Reson6nce5

Where is the missing MI and Gamow-Teller (GT) strength in heav::

nuclei? The ans~cr has an obvious impacL on the understanding of

1
—-1 I

40

()” 3- .

- 20 1 I ;
m
=

5

~o ,
k

K ! t
“ 73 ‘ 1’

~. ;.
-!

. . . .

Izc(p,p’)l:c 4m Mrv 7

-40

. . I ,,. I I I
h- 1(I M Ih ??

f , (MrVl

Fig. 9 Spin flip cross nr~ti[lll for 1?(: at 3,5”.
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some very important icsues in nuclear structure, including the

●xciting possibility of delta-hole configurations in low-energy
spectrt. Measurement of spin observable in the vicinity of th(”

resonances should provide important information about the missirl?

strength. As an ●xample, if the continuum near the CT resonance

contained some of the missing strength, one might see an
●nhancement of, say *n;.
9oz~m

Another case is the Ml resonance in
Here ~Je distribution of strength as seen by electron

‘*and proton scattering ● re in serious disagreement. If, as
has been suggested, the M1 peak in the (pop’) reaction c~ntains
strength other than Ml, such ● contaminant might be uncovered by

measuring the spin observable. Experiments to examine SPn in
the continuum in both the (pln) and (p,p’) reactions are planne~ a!

IIJCF and IAMPF.

L.5 Spin Observablcs ●nd ReacLion Mechanisms

It has been appreciated for some time that PI’ Observd!)!es cd:,
be ●mployed as probes of rsaction mechanisms. 17 For exfinp]t , a:”.
O.*+ 2- transition proceeding by Rsj = 112 transfer fr~r, R
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(0 I -- 11
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~oz. /’

1

- f.i[fiL3L
m /

,/
~lk_ /“

+L–... -d . . . . ,. —.. 1 –. —----- -.

r ““”-”’‘-
-. ..........

[c) ‘“Zf(fJ,~’)g:Z~

“’I%’;
i--

~ /“
—.- .—---j_- ._.. . f.__-i:It

1:

.
,:

.

II

PI

.,.

Fig. 10 Analyzing powcrfi and spin-f]lp proha!lll~!irs ior LIIF

concinuurn mrar thr quasi-clant Ir pr~h .
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purely central interaction (B - E = F, C = O in Eq. 3) yields

SA~= 7/10 in the PWIA. A purely two-step mechanism of the type
09+ 3-+ 2- proceeding by two nonspin transfer
ocatterings yields S~~ = O. More realistic DWIA and coupled-

channel calculations bear out the qualitative features of the

PWIA. Exceptions may occur in rea:tions where the two-body,
spin-orbit interaction is of major importance.

4.6 Spin Observable and Meson Exchange

Bu6g has pointed ouc20 in connection with searches for

precursors of pion condensation 21 that the dominance of certain

meson fields in the ●ffective N-N Interaction will lead to definite

signatures in the PT observable. Although no ●violence of precursor
phenomena 22 have been found, Bugg’s ideas are interesting to
consider. As an ●xample., pure one-pion exchange yields D“
D , = 1/2 cos 0,

~n ‘-1,
= -1/2 cos 8; o ●xchange re~u t~ in a

and ‘L}~’may bc P sd~~ferent comhlnatlon. o sible to select transitions

which, in selected regions of q, are dominated hy nearly pure mesol]
●xchange.

5. ConcluEinn —

new ● ra in inelastic proton acatt?ring find char}”.. ~xcl)nn~r. “PrL’nri-

mctry has developed co the point where all uf t)le nllrwrd P“i

ol>servable~ may b~ mrasurpd with v~rv hiph •f~;cienrv. T]](I sim;,]~’

expressions for th~se ohservables pres~nterl here mnkr il c]ear Lit;l;

in certsin stiumt inns new nucl~nr structure imfnrmnt iorl m:lv 1)11
ohtailledl whi]c in others reaction mrcllallism mtiy be the domilla:l[
●ffect. It is clear t}lnt in tllc futurr rlucidaf ions of Rlli.1
●xcitntionn in nurlci the nrw spin nbKwrvuhlcn will plmv fin il~-
crcasing]y imporL4111L rol~,
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